Aims To synthesize continuous associations between delayed reward discounting (DRD) and both addiction severity and quantity-frequency (QF); to examine moderators of these relationships; and to investigate publication bias.
INTRODUCTION
Behavioral economics has been applied extensively to understand maladaptive decision-making in individuals with addictive disorders [1, 2] . One of the most widely studied behavioral economic indices is delayed reward discounting (DRD), which refers to the subjective devaluation of rewards based on their delay in time [3] . Although often considered a measure of impulsivity or self-control, DRD is generally uncorrelated with other measures of impulsivity [4] [5] [6] . It is measured typically using intertemporal choice tasks [7] or questionnaires [8] in which individuals make choices between smaller-sooner and larger-later rewards (e.g. 'Would you rather have $40 today or $100 in one month?'). These measures involve varying the magnitude of the immediate reward and delay systematically to estimate indifference points corresponding to equal preference for immediate and delayed alternatives. Plotting the indifference points at each delay yields a DRD curve that is modeled commonly using a hyperbolic function, V = A/ (1 + kd), where V is the value of the delayed reward, A is the amount of the delayed reward, d is the delay, and k is a derived parameter corresponding to the discount rate [9] . Larger k values correspond to steeper discounting. Two alternative approaches involve quantifying the area under the curve (AUC) [10] or calculating relative proportion of choices for immediate rewards (i.e. the impulsive choice ratio: ICR) [11] .
The literature suggests that individuals with addictive disorders consistently exhibit more precipitous DRD compared to healthy controls. This includes individuals with alcohol use disorders (e.g. [11] ), nicotine dependence (e.g. [12] ), cocaine dependence (e.g. [13] ), opiate dependence (e.g. [5] ) and gambling disorder (e.g. [14] ), but with the possible exception of marijuana dependence [16] . According to a meta-analysis of case-control studies [17] , a highly significant, medium magnitude effect size difference (d = 0.62, P < 0.00001) was present across studies examining categorical differences in DRD between individuals with addictive disorders and controls. Interestingly, studies including clinical samples were found to have significantly larger effect sizes than those using subthreshold samples, suggesting that this association scales to level of addiction severity. Finally, indices of publication bias (i.e. nonsignificant findings in small studies being less likely to be published relative to significant findings) suggested a modest influence from unpublished findings. Importantly, in addition to cross-sectional studies, prospective studies have found steep DRD to predict the development of addictive behavior [18] [19] [20] and post-treatment response [21] [22] [23] [24] , suggesting that it serves as an important etiological and maintaining factor in addiction.
To date, the extent to which DRD is associated with indices of engagement in addictive behaviors [i.e. quantityfrequency (QF) of drug or alcohol use, or gambling] or level of clinical severity across studies has not been examined. Several studies have reported significant correlations between steeper discounting and greater QF [15, [25] [26] [27] , but not others [28] [29] [30] [31] . Similarly, significant correlations between steeper DRD and higher addiction severity have been reported in some studies [32] [33] [34] [35] , but again with some inconsistency [36] [37] [38] . Therefore, to aggregate the diverse findings in the literature, the present meta-analysis had three aims. The first aim was to investigate continuous associations between DRD and addiction-related variables, including psychoactive drugs and gambling behavior. The second aim was to examine potential moderators of effects across studies, including category of addictive behavior (alcohol, tobacco, stimulant, opiate, cannabis, gambling), addiction variable type (QF versus severity) and task type (pre-configured item questionnaire versus full task). The third aim was to examine the influence of publication bias on the aggregate findings.
METHODS

Study selection
Studies were identified via searches of PubMed, MEDLINE and PsycInfo databases (to 31 December 2015) using the following Boolean search terms: discounting AND (alcohol OR alcoholics OR cigarette OR smoking OR tobacco OR crack OR cocaine OR methamphetamine OR THC OR marijuana OR opiate OR opioid OR heroin OR gambling). For inclusion, studies had to meet the following criteria: (i) published, peer-reviewed investigation on humans; (ii) inclusion of a DRD task of monetary gains; (iii) inclusion of a measure of addictive behavior; and (iv) inclusion of a correlation coefficient measuring the association between DRD and addictive behavior. Studies utilizing other measures (e.g. drug/health outcomes, probability discounting)
were not included in order to focus upon the most common methodology and minimize heterogeneity. Acute drug administration studies were excluded, unless the study reported correlations preceding drug administration. To avoid inferences based on a small number of associations, the following criteria were applied: (i) minimum of five effect sizes per category of addictive behavior; (ii) inclusion of only associations pertaining to the most representative variable of interest rather than multiple, highly redundant within-study measures (e.g. if a study reported associations with drinks/week and percentage of binge drinking days, only the former was included); (iii) limit of four effect sizes per study per category; (iv) inclusion of associations in the full sample only if the sample was fractionated into subgroups; and (v) only inclusion of associations with the mean discounting rate for studies including multiple discounting indices (if reported). The final criterion applies to studies that reported associations between addiction variables and multiple DRD indices for a given participant (e.g. discounting rates at different reward magnitudes). If these studies also reported associations with a participant's overall mean DRD index, then only associations with the mean index were included. The study selection procedure is depicted in Fig. 1 and followed Preferred Reporting Items for Systematic Reviews And Meta-Analysis (PRISMA) standards [39] .
Meta-analytical sample characteristics
Characteristics of the studies included are provided in Table 1 ; a comprehensive listing of associations included is provided in Supporting Information, Table S1 . Sixty-four unique studies met the inclusion criteria, yielding a total of 138 effect sizes. The aggregated sample size was 11 395, with an average sample size of 165 per study (range = 12-1778). The number of effect sizes per addictive behavior category was as follows: alcohol = 53, tobacco = 40, gambling = 21, cannabis = 12, stimulants = 9 and opiates = 3. Of note, due to the small number of studies in opiates, these studies were not included in the moderator analysis between addictive behavior types (see below), but were retained in all other analyses. Measures of QF and severity were represented equally (69 effect sizes each). Seventy-five associations were from studies using task-based DRD measures, while 63 associations were from studies using the Monetary Choice Questionnaire (MCQ) [40] , a questionnaire-based measure that estimates DRD rate via 27 items that are pre-configured to specific hyperbolic discounting functions.
Meta-analytical approach
The primary effect size of interest from individual studies was Pearson's r and Spearman's rho (ρ), which were transformed subsequently to Fisher's Z. As AUC values are related inversely to k, the sign for associations using AUC were reversed prior to inclusion in the analysis. Due to substantial heterogeneity in methods, the primary analysis used a random-effects model. Two indices of effect size heterogeneity were calculated. Cochran's Q reflects the sum of squared differences between individual weighted study effects and the overall mean [41] . A second index, I 2 , captures the percentage of variation within study effect sizes that can be explained by heterogeneity [42] . To examine the influence of individual effect sizes, a sensitivity analysis was conducted by systematically omitting each association and re-estimating the aggregate effect sizes (e.g. 'jack-knife' analysis [43] ). In addition, to evaluate over-representation by studies contributing multiple effect sizes, the primary analysis was repeated after consolidation of studies with multiple associations into a single effect size. Moderator analyses examined systematic differences based on addictive behavior category (e.g. alcohol, tobacco, etc.), addiction variable type (QF versus severity) and DRD measure type (questionnaire versus task-based). Moderators were tested using the Q statistic associated with the betweengroups difference in a mixed-effects analysis.
Presence of publication bias was based on consideration of five indices: Rosenthal's classic fail-safe N [44]; Orwin's fail-safe N [45] ; examination of the funnel plots of sample size and effect size using the two-tailed Begg-Mazumdar test [46] and the one-tailed Egger's test [47] ; and metaregression between publication year and effect size. The classic fail-safe N reflects the number of unpublished studies needed to render the aggregate effect non-statistically significant (i.e. P > 0.05). The Orwin fail-safe N estimates the number of studies needed to reduce the aggregate effect size to a specified critical value, which was defined as 50% of the aggregate effect size in this study. Adjusted estimates of effect size were generated based on imputed unpublished studies using Duval & Tweedie's trim-and-fill approach [48] . Analyses were conducted using Comprehensive Meta-Analysis version 2 (Biostat, Englewood, NJ, USA).
RESULTS
Meta-analysis findings
Meta-analytical results are presented in Table 2 and the forest plot is shown in the Supporting Information, Figure  S1 . The random-effects model revealed a highly significant effect size that was of small magnitude (r = 0.14, P < 10
À14
). The jack-knife analysis indicated that excluding systematically each effect size included in the primary analysis generated similar results (Table 2) , suggesting a limited influence of any single association. Finally, a similar effect size was also found after consolidating effect sizes from studies contributing multiple associations (r = 0.15, P < 10
). There was also substantial heterogeneity across studies (Q = 443.35, P < 10 
Moderator analyses
Aggregated effect sizes for the moderators examined are presented in Table 2 . First, systematic differences between types of addictive behavior were examined for alcohol, tobacco, gambling, cannabis and stimulants. There was no statistically significant difference in effect size across addiction types (Q = 4.92, P = 0.30). Second, a larger aggregated effect size was observed for measures of severity compared to QF (rs = 0.17 and 0.11, respectively), and this difference was statistically significant (Q = 6.49, P = 0.01). Finally, analysis of differences between type of DRD assessment revealed comparable effect sizes between questionnaire (MCQ) and task-based DRD measures (r = 0.14 in both cases; Q = 0.01, P = 0.90).
Publication bias
Rosenthal's classic fail-safe N indicated that there would need to be 2652 unpublished studies to raise the P-value to above the threshold for statistical significance for the primary analysis. Orwin's modified fail-safe N indicated that 139 studies would be required to reduce the aggregate effect size by 50%. A significant Egger's test was found (intercept =0.85, P = 0.002), indicating the possibility of larger effect sizes in smaller studies. However, the BeggMazumdar test was non-significant (Kendall's τ = 0.08, P = 0.15). The funnel plot depicting the association between effect size and standard error is presented in Supporting information, Figure S2 . Duval & Tweedie's trim-and-fill method suggested the possibility of six unpublished studies (Supporting information, Figure S2 ). Imputation of these studies lowered the effect size from r = 0.14 to r = 0.13, suggesting minimal influence. Lastly, a meta-regression indicated a small magnitude but significant association between year of publication and effect size (slope = À0.01, P < 0.01), indicating larger effect sizes in earlier studies.
DISCUSSION
The aims of this meta-analysis were to synthesize the literature on continuous relationships between DRD and diverse forms of addictive behavior, to examine the effects of three moderators and to examine the presence of publication bias. The findings revealed a consistent association between DRD and addictive behavior overall, albeit of relatively small effect size magnitude [49] and high levels of heterogeneity. Larger effect sizes were present for severity measures compared to QF measures, but comparable effect sizes were found across addictive behavior categories and type of DRD assessment. The majority of publication bias indices examined did not suggest significant bias, but this was not uniformly the case. The Egger's test suggested that smaller studies had larger effect sizes, and meta-regression suggested that the effect sizes decreased over time. However, the magnitude of these effects was generally modest. The findings of this meta-analysis align with and build upon the previous meta-analysis of categorical comparisons [17] . In particular, that meta-analysis found a larger effect size in individuals with a clinical diagnosis of addictive disorder compared to subthreshold groups. This aligns with the present finding that steep DRD is associated robustly with greater addiction severity. Additionally, both studies found no significant differences by addictive behavior type, suggesting that steep DRD is common across many forms of drug addiction and gambling disorder. Finally, both meta-analyses found no differences in effect size magnitude between the MCQ and task-based DRD measures, suggesting that little measurement precision is lost with the MCQ. If this last finding is substantiated further, it may indicate that the MCQ can be used as a more pragmatic and efficient assessment than lengthier task-based DRD measures without sacrificing rigor (but see [50] for an example of an abbreviated five-item adjusting DRD task). As discussed below, the MCQ also may be particularly useful in clinical applications of DRD in predicting addiction treatment outcomes (e.g. [23, 51, 52] ).
Differences, however, are also present. Of note, the overall effect size in the present study was of smaller magnitude compared to the medium effect size reported in the previous meta-analysis of categorical differences. This finding is somewhat counter-intuitive, as continuous designs putatively have higher power to detect associations between DRD and addictive behavior. There are a number of possible explanations for this difference. First, the present sample was comprised of a large number of studies in subclinical samples (e.g. young adult regular drinkers) that may have reduced the overall magnitude of the association and also contributed to the substantial heterogeneity in the primary analysis. The differences between subclinical and clinical samples in the previous meta-analysis would support this hypothesis. Second, the earlier categorical studies examined in the previous meta-analysis may have had, on average, larger effect sizes compared to more recent studies. This is supported to some extent by the present metaregression results, indicating that the magnitude of the effect size significantly decreased over time. Third, it is possible this difference reflects a true difference between categorical and continuous relationships. For example, the relationship between DRD and addictive behavior may actually be quasi-or semi-continuous. At lower levels of severity or QF the pattern may be linear, but once individuals traverse a clinically meaningful threshold to an addictive disorder they exhibit a disproportionately higher level of DRD. These are necessarily speculations, but the data are fairly unambiguous that the effect sizes are meaningfully different, and understanding this difference is an important area for future research.
These results also have implications for understanding the clinical significance of DRD in addictive disorders. First, steeper DRD was associated more robustly with severity of addictive disorder than higher QF of use. Although QF and severity are certainly related, these results suggest that impulsive choice behavior is implicated to a greater extent in experiencing negative consequences or problems associated with substance use or gambling. A priority moving forward is to further disentangle the relative contributions of prolonged engagement in addictive behaviors versus severity of addictive disorder to the relationship with DRD. Second, steep DRD has been shown to predict worse treatment outcomes in nicotine and marijuana use disorder [23, 24, 51, 52] . Considered in the context of the present findings, an intriguing empirical question is whether the relation between DRD and treatment success varies as a function of clinical severity. Individuals with the greatest addiction severity may have the most difficulty maintaining abstinence, and the results from this meta-analysis and others [17] suggest that this may be attributed, in part, to their increased preferences for immediate reinforcement. Therefore, specifically targeting DRD as a supplement to traditional clinical interventions is a promising direction for the future. Indeed, several novel experimental manipulations have been shown to reduce the rate of DRD in healthy and addiction samples, such as episodic future thinking [54] [55] [56] [57] and executive function training [58] , among others. These findings should be considered in the context of the study's strengths and limitations. Strengths of the study include the use of an extensive literature search strategy that included substance and non-substance-based addictive behaviors, a large sample size (> 11 000 individuals) and examination of multiple indices of small study bias. However, a limitation of the study concerns the correlational nature of the effects examined. As such, the causal relation between DRD and addiction cannot be ascertained from these data alone. Steep DRD may serve as a risk factor for engaging in addictive behaviors and the development of addictive disorders, it may be a consequence of prolonged use, or some combination of both (for additional discussion of these possibilities, see [59, 60] ). Furthermore, due to the limited number of studies reporting continuous associations in opiate users (and also to a certain extent in stimulant users), these findings apply primarily to alcohol, tobacco, gambling and cannabis. The studies included in this meta-analysis largely involved adult samples, with some exceptions [53, [61] [62] [63] , which limits the generalizability of these findings to other developmental periods such as adolescent substance use.
A final consideration that deserves particular attention is potentially high rates of polysubstance use across studies (i.e. participants engaging concurrently in multiple addictive behaviors such as drinking and gambling). Epidemiological data suggest that polysubstance use is highly prevalent (e.g. [64] ), and polysubstance users exhibit steeper DRD relative to single substance users [15, 65] . In the case of the studies examined here, only 10% stated explicitly that participants were excluded for using substances other than the primary substance of interest. Therefore, the associations between DRD and individual addictive behavior types should be considered with the caveat that many participants may have been engaging concurrently in multiple forms of addictive behavior and the effect sizes may not reflect truly substance-specific relationships. Ultimately, additional research on DRD among polysubstance users is needed for a viable meta-analysis of these effects.
In sum, the present results provide a fairly comprehensive examination of DRD in cross-sectional addiction studies using continuous designs. The study indicates that steep DRD is associated robustly with severity and QF of addictive behaviors. Importantly, the magnitude of this relation did not differ significantly across the types of addictive behavior examined, offering further support for steep DRD as a trans-diagnostic process in addiction [66] . Additional research is needed to determine the causal relationship between impulsive discounting and addictive behavior and the potential for targeting DRD via behavioral economics-based interventions for addictive disorders.
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Table S1
Complete list of studies and effect sizes included in meta-analysis. Figure S1 Forest plot providing effect sizes for complete meta-analysis sample. Individual data points reflect effect size (r) ± 95% confidence intervals. Effects to the right of zero reflect positive association between steeper delay discounting (DD) and increased quantity-frequency or severity of addictive behavior. Study subscripts refer to multiple comparisons within the same study; order of effect sizes corresponds to study list in Table S1 . For space, the figure is divided into two columns. Figure S2 Funnel plot of the relationship between effect sizes (Fisher's Z) and standard errors. Unfilled circles reflect observed associations in the meta-analysis. Filled circles reflect imputed studies (k = 6) based on Duval & Tweedie's trim-and-fill method. Unfilled diamond below x-axis corresponds to observed effect size from primary meta-analysis, and the black diamond corresponds to the adjusted effect size taking into account the imputed studies.
